Purpose-To study the possibility of generating photoreceptors through programming RPE transdifferentiation by examining cell differentiation after transplantation into the developing chick eye.
of persons with severe vision loss and the unfortunate nonrenewable nature of photoreceptors have inspired investigations ranging from photoreceptor rescue 1,2 to photoreceptor replacement either with prosthetic devices 3 or through biologic approaches such as retinal regeneration 4-6 and cell transplantation. 7, 8 In the teleost retina, injuries induce progenitor/ stem cells at the ciliary marginal zone to produce new retinal cells, including photoreceptors. 9-11 However, such an inborn stem cell-based regeneration mechanism seems to be lacking in the retina of higher vertebrates. This has spurred a number of studies aiming to replace ailing photoreceptors with exogenous cells, including stem cells of nonretinal origin. A recent study in mnd mice, which have a condition of photoreceptor degeneration, showed that neuralized mouse embryonic stem cells grafted into the vitreous migrate to the neural retina and reach the outer plexiform layer (OPL), where they express photoreceptor-specific genes. 12
The retinal pigment epithelium (RPE) is developmentally and anatomically close to the neural retina. Unlike retinal neurons, RPE cells are nonneural and can reenter the cell cycle on stimulation. Furthermore, their progenies may differentiate into cell types other than RPE. [13] [14] [15] [16] [17] [18] Classical experiments show that embryonic chick RPE at early developmental stages can be triggered to transdifferentiate into a neural retina. 19 This RPE-to-retina transdifferentiation occurs in vivo and in vitro under the induction of fibroblast growth factors. 20-24 Making use of these properties of RPE, we have recently begun to explore the possibility of using RPE as a potential source of retinal neurons. Chick RPE cells are dissociated, cultured, and infected by retrovirus RCAS expressing a proneural gene. Later, the culture is analyzed for de novo expression of neural properties. We found that cultured, dissociated RPE cells undergo transdifferentiation toward various types of retinal neurons under the induction of different proneural bHLH genes, 25-28 including neuroD, which encodes a transcriptional factor in the basic helix-loop-helix (bHLH) family and is homologous to Drosophila proneural gene atonal. In the retina, neuroD is mostly expressed in photoreceptor cells and rod progenitors of teleost fish, with some expression in amacrine cells. 25, 29, 30 Gain-and loss-offunction studies in the mouse and the chick show that neuroD plays an instrumental role in photoreceptor development 25,31 and is required specifically for photoreceptor survival. 29 When ectopically expressed, neuroD induces RPE cells to transdifferentiate selectively toward a photoreceptor phenotype. In culture, the transdifferentiation is substantial, judging from the presence of inner segment-like processes and the expression of an array of photoreceptor genes. 25,32 Nevertheless, it is unknown how these cells would behave and to what extent they would differentiate along the photoreceptor pathway once they encounter the three-dimensional milieu (or niche) offered by the local environment of the eye. As an initial step to address this question, we grafted transdifferentiating cells into the developing chick eye. We found that transdifferentiating cells continued their transdifferentiation along the photoreceptor pathway in the subretinal space, the choroid, and the vitreous. Some of the grafted cells integrated into the host ONL and emanated axons with elaborate arborization in the OPL. We also found that RPE cells exhibited remarkable self-organization activities; not only were grafted cells incorporated into the host tissue, multilayered RPE-like tissues were formed from host cells and grafted cells. The self-organization (or regeneration) and the transdifferentiation properties of RPE cells render them unique for studies of photoreceptor rescue and replacement.
Materials and Methods

Chick Embryos
Fertilized, pathogen-free chicken eggs were purchased (Spafas, North Franklin, CT). Fertilized line 7 2 eggs were produced at the Avian Disease and Oncology Laboratory (United States Department of Agriculture Agricultural Research Service [USDA-ARS]). All use of animals adhered to the ARVO Statement for the Use of Animals in Ophthalmic and Vision Research and to the procedures and policies set by the institutional review board at the University of Alabama at Birmingham.
RPE Cell Culture
RPE was isolated from embryonic day (E)6 chick embryos and was cultured as dissociated cells. To induce transdifferentiation toward photoreceptor cells, replication-competent retrovirus RCAS expressing neuroD (RCAS-neuroD) was added to the RPE cell culture at approximately 50% confluence, as previously described. 25 RCAS-GFP was used as a negative control. The RCAS is a derivative of the Schmidt-Ruppin strain of Rous sarcoma virus with A envelope [RCAS(A)] 33 and can infect chick lines that are resistant only to the E-subgroup of avian retroviruses. 34 After an additional 4 days in vitro, cells were harvested with trypsin/ EDTA treatment followed by centrifugation. Approximately 1 × 10 6 cells from one 35-mm dish were resuspended in 50 μL culture medium. Fast green was added to visualize the flow of cell suspension into the eye during grafting.
Grafting Cells into the Developing Eyes
Approximately 2 × 10 4 cells (1 μL) were microinjected into the subretinal space or the vitreous at E5.5 and E7.5. Briefly, 2 mL egg white was withdrawn from the pointy end of the egg to allow the embryo to detach from the shell. Then a 1-cm 2 incision was made on the shell. Through the incision, the embryo was accessed by a micro-manipulated micropipette attached to a pneumatic pump with a positive pressure delivery system. Flow and the delivery of cell suspension into the developing eye were monitored under a dissecting microscope.
Immunohistochemistry
Embryonic chick eyes were fixed between E11 and E18 with ice-cold 4% paraformaldehyde. 
In Situ Hybridization
The expression of RxRγ was analyzed with in situ hybridization. A fragment of 813 base pairs of RxRγ was RT-PCR amplified from retina RNA and cloned into pGEM-T, and its sequence was verified in agreement with the published information. 35 This fragment covered 618 nucleotides of the 3′ coding sequence and 195 nucleotides of the 3′ untranslated region in messenger RNA (UTR). Digoxigenin-labeled antisense RNA probes were synthesized with the use of a commercial kit (Roche, Basel, Switzerland) according to the manufacturer's instructions. In situ hybridization was carried out with cryosections 8 to 10 μm thick, as previously described. 36
Results
Integration of Cultured RPE Cells into the Host Tissue
To achieve ectopic expression of exogenous genes in cultured RPE cells, replication-competent retrovirus RCAS(A) 33 was used in combination with pathogen-free chick embryos (Spafas) from which primary RPE cell cultures were derived. During the initial phase of culture, when cells were reentering the cell cycle, RPE cells lost their pigment and exhibited a fibroblastlike morphology (Figs. 1A-C). As the culture progressed and became confluent, cells became repigmented and appeared hexagonal, a morphology typical of RPE cells ( Fig. 1D ). Nonetheless, repigmentation was partial compared with initial cells (compare Figs. 1D and 1A).
Cells from virally infected RPE cultures were harvested and microinjected into the developing chick eye (Fig. 2 ) at E5.5 and E7.5. In most experiments, embryos of line 7 2 were used as recipients. Cells in line 7 2 embryos lacked receptors for RCAS(A) virus; thus, viral spreading from grafted cells into host cells did not occur. This made it possible to unambiguously identify the injected cells in the host tissues by immunostaining for viral protein p27. When the recipient eyes were analyzed at E11 to E18, cells from the control culture infected with RCAS-GFP were found to integrate into the host RPE tissue ( Fig. 3 , arrows). Those integrated cells were indistinguishable from the host cells in terms of morphology and pigmentation. They extended digitlike processes into the subretinal space co-occupied by the outer segments of photoreceptors (Figs. 3C, 3D; arrowheads). Integration into the single-layered host RPE was observed when grafted cells were present in small numbers. No incorporation into the neural retinal was found with the control cells.
Formation of Extra Layers of RPE-like Tissues
At the injection site, where a large number of grafted cells were present, multilayered RPElike structures were formed (Figs. 4A, 4C, stars), especially with cells from the control culture. This was observed in all the eyes (n = 16) examined that had more than 20 grafted cells at the injection site in one retinal section. Often, grafted cells were "enveloped" by RPE tissues (Figs. 4A-D). Immunostaining showed these multiple layers of RPE-like tissues composed of p27 + (Fig. 4 , yellow arrows) and p27 − (Fig. 4 , white arrows) cells, indicating that grafted cells and host cells participated in their formation. None of the cells from the control culture expressed photoreceptor markers, such as visinin ( Fig. 4E ), RXRγ, red opsin, or rhodopsin (data not shown).
Distribution of Transdifferentiating Cells Grafted into the Subretinal Space
On transduction by RCAS-neuroD, cultured RPE cells undergo transdifferentiation toward the photoreceptor pathway. This transdifferentiation is demonstrated by the de novo appearance of cells with photoreceptor-like morphologies and expressing an array of photoreceptor genes. 25, 32, 37 According to the timeline of the viral spread and transdifferentiation process, 25 we harvested donor cells 4 days after the administration of the virus. This was to ensure thorough viral infection of the culture and to keep the progression of transdifferentiation under in vitro conditions to a minimum.
As observed with the control RPE culture, we found that some cells from RPE cultures infected with RCAS-neuroD integrated into the host RPE and participated in the formation of multiple layers of RPE-like tissues. This was expected because not all cells underwent transdifferentiation. We estimated that less than 30% of the cells in the culture ultimately underwent detectable transdifferentiation toward photoreceptor cells under the experimental conditions. Notably A large number of cells from RCAS-neuroD-infected cultures were positive for visinin, a marker for cones ( Figs. 5C, 5F ). The distribution of visinin + cells was not totally random.
Instead, it showed a discernible arrangement, however primitive, along the RPE-like structures 
Distribution of Cells Placed in the Vitreous
Expression of Markers for Advanced Photoreceptor Differentiation
As the first step in assessing the developmental potential of grafted, transdifferentiating cells, we harvested recipient eyes at E17 and E18 (the latest reliable time point possible; experimental embryos died before hatching, possibly because of insufficient nutrients given that 2 mL egg white was taken out before microinjection). Immunohistochemistry and in situ hybridization showed that grafted cells expressed red opsin (Fig. 8) The mislocalization of red opsin in grafted cells could have been caused, at least in part, by a lack of appropriate, intimate physical contact with the RPE. If this were the case, then the host photoreceptor cells at the injection site would also have displayed impaired development because their intimate interaction with the RPE was disrupted. Indeed, the well-formed order of the red opsin + outer segments observed in normal retina (Fig. 8B ) was lacking at the injection site ( Fig. 8D ). Furthermore, host photoreceptor cells at the injection site often lacked oil droplets and outer segments, which were well formed in adjacent cells (Fig. 9 ). The expression of photoreceptor genes was also affected: the number of cells expressing advanced markers, such as red opsin, rhodopsin, and PSD-95, was reduced at the injection sites compared with the adjacent regions (data not shown).
Under in vitro conditions, photoreceptor-like cells are the major, if not the only, product of neuroD-induced RPE trans-differentiation. 25,37 To examine whether this outcome was altered by the local environment of the developing eye, we performed immunostaining for markers that identified nonphotoreceptor neurons. We found a background level 25,37 of expression of RA4 (a ganglion cell marker 38 ) and no expression of LIM (a marker for horizontal cells 39 ) or AP2α (a marker for amacrine cells 40 ) among the grafted cells.
Incorporation into the ONL
The lack of obvious retinal incorporation of the transdifferentiating cells grafted at E7.5 into the subretinal space prompted additional experiments with younger embryos as recipients. Transdifferentiating cells, or cells from the control RPE cell culture, were microinjected into the subretinal space at E5.5, when peak photoreceptor genesis commenced, 41 and the experimental eyes were harvested at E14 and E17 for analyses. With the younger embryos as recipients, some of the transdifferentiating cells localized in the ONL of the host retina at both E14 (Fig. 10A) and E17 (Figs. 10B, 10C, 10D ). Incorporated cells displayed elaborate axonal arborization in the OPL (Figs. 10A, 10D) . No grafted cells were found in the inner nuclear layer or the ganglion cell layer.
Discussion
We found that cultured RPE cells integrated into the host RPE tissue when grafted in the vicinity. Cells that integrated into the host appeared indistinguishable from the endogenous RPE cells, judging from their morphology under light microscopy and the extension of digitlike processes into the subretinal space occupied by the photoreceptor outer segments. These results indicate the similarity of cultured RPE cells to the endogenous ones. When present in a large number, grafted cells were "enveloped" by multiple layers of RPE-like tissues that appeared to be composed of host cells and grafted cells. The formation of layers of RPE-like tissues consisting of host and grafted cells showed the remarkable regeneration capability of the RPE, an attribute supplementary to its rescuing photoreceptor from degeneration reported in Royal College of Surgeons rats and RPE65 −/− mice. [42] [43] [44] [45] [46] [47] [48] To examine the possibility of generating photoreceptor cells from RPE through guided transdifferentiation, we grafted transdifferentiating cells into developing chick eyes and then examined their distribution and differentiation. At the time of cell grafting, no overt transdifferentiation was apparent, judged by morphologic criteria under an inverted microscope and by immunostaining or in situ hybridization for the expression of an early photoreceptor marker, visinin. 25 After grafting into the eye, a large number of cells expressed photoreceptor markers and developed photoreceptor-like morphologies with no expression of nonphotoreceptor markers. This suggested that those cells continued their transdifferentiation along the photoreceptor pathway in the in vivo environment. Continued transdifferentiation was also evidenced by the lack of repigmentation most cells placed in the subretinal space, where control RPE cells were heavily repigmented.
Continued transdifferentiation of RPE cells along the photoreceptor pathway was observed when the cells were placed at three locations: the subretinal space, the choroid, and the vitreous. These three locations have been explored in other cell transplantation studies. Although it is difficult to quantify the similarities and the differences of milieu at the three locations, we observed less organization of the control cells into RPE-like structure in the vitreous than in the subretinal space. This difference could be attributed to the physical and spatial constraints of the subretinal space only permitting longitudinal organization of the grafted cells into sheetlike structures. Differences in biochemical composition might have affected the differentiation and behavior of grafted cells. Importantly, the development of photoreceptorlike morphologies and the expression of photoreceptor markers, including visinin, RXRγ, and red opsin, were observed with transdifferentiating cells at all three locations. This suggests the transdifferentiation potential was set by neuroD and was not significantly affected by the microenvironments at all three locations, however different they might have been. These findings are consistent with neuroD playing an important role in photoreceptor development and survival, 25,29,31 but do not mean location is not important. On the contrary, the expression of photoreceptor genes, or the survival of the transdifferentiating cells, at all locations might have benefited from their proximity to the retina. We did not observe that cells farther away from the eye expressed photoreceptor genes, even though during grafting many cells ended in those "far away" locations. Thus, location could be an important aspect in the survival and development of grafted cells. The subretinal space may be superior to others for maturation into functional photoreceptors. In fact, our data indicated the importance of intimate interaction with the RPE for proper photoreceptor differentiation because impaired differentiation of the host photoreceptors was observed at the injection site. In the subretinal space, cells from transdifferentiating cultures showed rudimentary alignment along the RPE-like tissues, reminiscent of the RPE-ONL organization in the retina. Clearly, rigorous studies are needed to investigate whether cells from the transdifferentiating culture can form the RPEphotoreceptor organization of the retina.
Cells from the RCAS-neuroD-infected culture, but not the RCAS-GFP-infected culture, were found in the ONL. Further, the incorporated cells emanated elaborate processes into the OPL that resembled axonal arborization. These findings indicate that some cells from the transdifferentiating culture oriented themselves correctly and were incorporated into the host retina. Of note, incorporation was observed with grafting at E5.5 but not at E7.5, even though retinal neurogenesis was active at both stages. One underlying cause for the difference could be the number of photoreceptors already present at the time of grafting. Peak photoreceptor genesis begins on E5.5. 41 At this stage, the retina might be more receptive to cells transdifferentiating along the photoreceptor pathway. By E7.5, most photoreceptor cells have already been produced, and the retina might become less accommodative to exogenous cells. This is consistent with published studies reporting integration into the host retina, when cells are transplanted into the developing, diseased, or injured retina. [49] [50] [51] [52] Given that photoreceptor-like cells are the major product of neuroD-induced RPE transdifferentiation, 25,37 the demonstration of incorporation into the ONL and continued differentiation of transdifferentiating cells along the photoreceptor pathway raises the possibility of exploring this system as an alternative in cell replacement studies. Semithin section of E17 retina showing a lack of outer segment in host photoreceptor cells (yellow arrows) at the injected site. Adjacent photoreceptors with well-formed outer segments (green arrows). Oil droplet observed in well-developed photoreceptors (arrowheads). Original magnification, ×1000. 
